Are road verges corridors for weed invasion?  Insights from the fine-scale spatial genetic structure of Raphanus raphanistrum by Barnaud, A. et al.
Are road verges corridors for weed invasion? Insights
from the fine-scale spatial genetic structure of
Raphanus raphanistrum
A BARNAUD*, J M KALWIJ†‡, C BERTHOULY-SALAZAR§, M A MCGEOCH¶
& B JANSEN VAN VUUREN‡
*Centre for Invasion Biology, Department of Botany and Zoology, Stellenbosch University, Stellenbosch, South Africa, †Institute of
Ecology & Earth Sciences, University of Tartu, Tartu, Estonia, ‡Centre for Invasion Biology, Department of Zoology, University of
Johannesburg, Johannesburg, South Africa, §Joint Research Unit for the Diversity, Adaptation and Development of Plants (UMR
DIADE), Montpellier, France, and ¶Centre for Invasion Biology, School of Biological Sciences, Monash University, Melbourne, Vic.,
Australia
Received 2 January 2013
Revised version accepted 8 May 2013
Subject Editor: Stephen Novak, Boise, USA
Summary
Raphanus raphanistrum (Brassicaceae) is considered
amongst the world’s worst agricultural weeds. We
address critical issues in its management by studying
the pathway of colonisation at local scales. For this,
we assessed the small-scale spatial genetic structure of
231 samples collected from three different sites across
the Cape Floristic Region, South Africa, using 11
nuclear microsatellite markers. Although natural pol-
len and seed dispersal were expected to be restricted,
we found no significant relationship between genetic
and geographical distance within sites. Instead, our
results suggest that R. raphanistrum had colonised new
habitats via jump dispersal, rather than through
natural diffusive dispersal at local scales. We did not
find evidence for road verges as dispersal corridors, as
evidenced by a lack of isolation-by-distance at local
scales. Instead, the absence of spatial genetic structure
suggests that R. raphanistrum had rapidly spread
throughout its current range, possibly facilitated by
human-mediated actions. Management plans address-
ing containment or suppression of the weedy species
R. raphanistrum (and possibly other weedy species)
should take the high degree of connectivity between
distant geographical localities into account.
Keywords: Brassicaceae, SSR, gene flow, colonisation,
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Introduction
The agricultural weed Raphanus raphanistrum L.
(Brassicaceae; wild radish) is an invasive plant glob-
ally, being listed as one of the 180 worst weeds in the
world (Gressel, 2005). This species typically invades
disturbed habitats such as agricultural fields, aban-
doned land as well as roadsides, where it can form
dense populations (Gressel, 2005). It is arguably one of
the most difficult weedy species to manage, because it
competes with agricultural crops and often grows
within agricultural fields alongside crops, has a long-
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lived seedbank and a rapid life cycle (Gressel, 2005).
There are also risks associated with the culture of oil-
seed rape (Brassica napus L., locally known as oilseed
rape). Oilseed rape can hybridise with R. raphanistrum,
albeit at low frequencies, both under natural and
experimental conditions (Gueritaine et al., 2002;
Ammitzbøll & Bagger Jørgensen, 2006; Chevre et al.,
2007; Devos et al., 2009). A general concern with
hybridisation and spread is that herbicide resistance, if
present, can similarly spread or be transferred from
one species to another. In South Africa, resistance
against the widely used acetolactate synthase-inhibiting
herbicides is already a problem (Smit & Cairns, 2001),
with similar resistance being well documented in
expanding Australian R. raphanistrum populations (see
e.g. Borger et al., 2012). To understand the evolution
of herbicide resistance in agricultural weeds, it is
important to understand patterns and processes of dis-
persal at local to regional scales.
A major goal in the study of weed invasions is
therefore to identify dispersal pathways and main
drivers of dispersal (see e.g. Rahlao et al., 2010).
The dispersal dynamics of such weedy species are
often associated with propagule pressure (Simberloff,
2009) and habitat type (Pysek et al., 2010), represent-
ing crucial elements for both the prevention and
management of invasions (Pysek & Hulme, 2005).
Although numerous genetic studies have examined
whether single vs. multiple introductions have
occurred for different species (see e.g. the review by
Bossdorf et al., 2005), surprisingly few studies have
focused explicitly on different colonisation scenarios
using genetic data.
Colonisation can occur through short-distance dif-
fusive dispersal, long-distance jump dispersal or
through a combination of the two (Wilson et al.,
2009). Colonisation probability, however, not only
depends on the distance between suitable sites, but also
on whether this distance can be bridged (through natu-
ral or human-mediated mechanisms). Human activities,
including trade and transport, are increasingly facilitat-
ing invasions of various species, creating opportunities
for invasive species to dominate local ecosystems.
Road-side verges, that is, the habitat between the road
surface and adjacent land, are the most widely avail-
able linear habitat in human-influenced ecosystems
(Kalwij et al., 2008). The corridor function of road
verges is of growing interest in invasion biology, as
passing motor vehicles have been shown to play a role
in the dispersal of seeds by increasing the chance of
long-distance dispersal events (von der Lippe &
Kowarik, 2007).
Understanding the spatial distribution of genetic
diversity within and between plant populations can
shed light on which propagule-dispersal mechanisms
play a role in shaping the spatial distribution of
individuals and local populations. The extent of spa-
tial genetic structure may vary within and between
populations under different disturbed habitat condi-
tions. An understanding of the factors driving these
differences can aid in the management of weedy spe-
cies. If dispersal predominantly occurs through a
process of natural diffusion, we expect significant
genetic structure, notably isolation-by-distance, owing
to a diffusive (local) spread. If road verges act as
facilitators of dispersal, we expect the regression
slope to be lower along road verges than randomly
across the landscape. However, if dispersal is human-
mediated (i.e. motor vehicles moving along roads,
through mixing of R. raphanistrum and cultivated
crops such as oilseed rape that is then harvested and
transported to holding facilities), no relationship
should be evident between geographical and genetic
distances. Our objective was therefore to investigate
the relative importance of human-mediated dispersal
in R. raphanistrum versus diffusive spread at the
local scale.
Materials and methods
Study site and sampling
Raphanus raphanistrum is an allogamous annual dip-
loid, insect pollinated and self-incompatible plant spe-
cies of Eurasian origin (Holm et al., 1997; Warwick &
Francis, 2005). In South Africa, the species is found
throughout the country, including the Cape Floristic
Region (CFR), with the exception of arid to semi-arid
areas (McGeoch et al., 2009). We collected leaves from
231 R. raphanistrum individuals from 3 different sites
across the CFR (see Table 1 and Fig. 1). These sites
were located in an agricultural setting and representa-
tive of the surrounding landscape. The geographical
position of each sampled individual was recorded using
a handheld Garmin eTrex GPS (Garmin, Olathe, KS,
USA) and used to calculate distances between pairs of
individuals. Although the selection of individual plants
was random, we took care to obtain sufficient repre-
sentation of pairs of individuals separated by distances
ranging from 5 m to 10 km (following Hardy et al.,
2006). In addition, two sites (a and b) were selected to
include areas where roads intersected (see Fig. 1), to
allow for an assessment of genetic diversity along
roads within sites. To assess R. raphanistrum density
within sites, we counted the number of flowering plants
in 10 plots of 2 9 2 m. Plots were selected randomly
within each site, with a minimum spacing of 500 m
between plots.
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DNA extraction and SSR genotyping
Total genomic DNA was extracted from silica gel-
dried leaves using the Qiagen DNeasy plant kit
(Qiagen, West Sussex, UK). After an initial screening
procedure, 11 nuclear simple sequence repeats (SSRs)
were chosen (see Table 2) for their high level of poly-
morphism and for the ease with which results could be
unambiguously scored from the RadishDB (available at:
http://radish.plantbiology.msu.edu/index.php/Markers:
SSR) and brassica.info (available at: http://www.bras-
sica.info/resource/markers.php) databases. The for-
ward primer from each SSR was 5’-labelled with one
of four fluorophores (6-FAM, HEX, VIC and NED).
Microsatellite loci with the same annealing tempera-
ture and with no amplicon signal inhibition were
pooled for PCR. The Multiplex PCR Kit (Qiagen) was
used following the recommended protocol in a final
reaction volume of 10 lL: 6 lL of 2X Qiagen Multi-
plex Master Mix, 1 lL of primer mix (2 lM), 1 lL of
H2O and 2 lL of template DNA. PCR conditions
were as follows: initial denaturation at 95°C for
15 min, 35 cycles of denaturation at 94°C for 30 s,
SSR specific annealing (see Table 2) for 90 s, extension
at 72°C for 90 s and a final 10 min elongation step at
72°C. The amplicons from the different multiplexes
were pooled for genotyping. 1 lL of diluted (1/80)
PCR products were combined with 0.2 lL of the
GS500LIZ size standard (Applied Biosystems, Foster
City, CA, USA) and 15 lL of deionised formamide.
Table 1 Sampling sites with the dominant agricultural practise in the area, geographical co-ordinates (degrees/minutes) and number of
individuals included (N) for each of the three sites. Density of flowering plant per square metre (D) measured for a total of 40 m2 per
site, observed (HO) and expected (HE) heterozygosity [with standard error (SE)], mean number of alleles per locus per site (A), inbreed-
ing index (FIS), regression slopes of kinship coefficient values on the linear (bd 9 10
6) and logarithm (bLd 9 10
4) spatial distance
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The significance of the values was tested through 10 000 random permutations of the data: P-values: NSP > 0.01; *P ≤ 0.01.




Fig. 1 Populations of Raphanus raphani-
strum sampled in the Western Cape (grey
shadow) in South Africa and distribution
of the sampled individuals along roads
within each site: Citrusdal (A), Napier
(B), Somerset West (C).
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Samples were genotyped on an ABI 3730 Prism
(Applied Biosystems) using ABI Prism Genemapper
(version 3.7; Applied Biosystems). Two control sam-
ples (bulk sample of three different individuals) and
one negative control were routinely included in all
runs. Genotyping data were automatically scored, after
which all data were inspected by eye and manually
corrected where necessary. Micro-Checker version
2.2.3 was used to check for the presence of null alleles
and potential scoring errors using a 95% confidence
interval (van Oosterhout et al., 2004). The SSR loci
were then checked for departures from Hardy–Wein-
berg and linkage disequilibrium using GENEPOP on
the Web (Raymond & Rousset, 1995) (http://genepop.
curtin.edu.au/genepop_op1.html). One locus showed
evidence of null alleles and was excluded from further
analyses.
Data analysis
We used GENETIX 4.04 (Belkhir et al., 1996–2004) to
perform all standard population genetic analyses. We
calculated genetic diversity within each site in terms of
expected (HE) and observed (HO) heterozygosity and
the mean number of alleles per locus (A). We also cal-
culated inbreeding coefficient (FIS) for each site and
tested the significance of differences between values
using random permutation of the data (10 000 permu-
tations).
Because population structure affects the spatial
genetic structure, we first determined population struc-
ture for each site separately, using a Bayesian model-
based clustering method described in Pritchard et al.
(2000) as implemented in STRUCTURE 2.3.1 (http://
pritch.bsd.uchicago.edu/structure.html). This method
assumes that each genotype results from multiple
ancestral populations. We used the basic admixture
model with correlated allele frequencies, which is
considered most suited in cases of low population
structure (Falush et al., 2003). We assumed a number
of populations (K) varying between 1 and 10, with 10
independent runs per K value. Runs consisted of 200 000
Markov chain Monte Carlo (MCMC) steps; stability
was reached for all statistical parameters and
consistent results were returned across runs in a pilot
study. The first 100 000 steps were excluded as burn-
in. We then estimated the expected number of total
populations (K) using the DK method (Evanno et al.,
2005). We included analysis of molecular variance
(AMOVA) to estimate the distribution of genetic
variation within and between sites using ARLEQUIN 3.5
(Excoffier et al., 2005).
We quantified the spatial genetic structure using spa-
tial autocorrelation analyses of kinship coefficients
between individuals (Loiselle et al., 1995) following the
procedure described by Vekemans and Hardy (2004) as
implemented in SPAGEDI version 1.2 (Hardy & Veke-
mans, 2002). Mean multilocus kinship coefficient values,
Fij (i.e. the genetic similarity between individuals i and j
relative to the mean genetic similarity between random
individuals), were regressed on both the linear (dij) and
the logarithmic [ln(dij)] spatial distance (Euclidian dis-
tances using spatial co-ordinates). The regression slopes
bd and bLd were jointly assessed. Standard errors for the
kinship coefficients were estimated using a jackknife
procedure over all loci. We tested the significance of the
kinship coefficients and the regression slope estimates bd
and bLd by comparing the observed values to those
obtained after 10 000 random permutations. We
assessed the spatial genetic structure across the land-
scape considering (i) all individuals within a site. For site
A and B, we also assessed spatial genetic structure along
the roads based on a subsample of individuals along
each road for which a ‘road’ distance was calculated
using ArcGIS. This was not possible for site C due to
the circular configuration.
Table 2 Diversity statistics for the 11 simple sequence repeats (SSR). Dye label, annealing temperature (°C), total number of alleles
observed (NA) and range, observed (HO) and expected (HE) heterozygosities, and inbreeding index (FIS) is given for each SSR
Locus Repeat Dye °C NA Range HO HE FIS
Bn26A GA VIC 52 13 88–118 0.72 0.68 0.01
Bn35d GA VIC 58 15 220–261 0.63 0.86 0.28
BRMS-005 GA NED 52 23 126–174 0.68 0.89 0.21
BRMS-042 AAT/CT/T/CT FAM 52 8 93–125 0.64 0.70 0.03
BRMS-042-2 GA/CT VIC 52 2 202–212 0.15 0.15 0.02
JKC15 AG NED 40 6 87–116 0.69 0.74 0.05
JKC4 AG FAM 58 7 201–224 0.58 0.76 0.22
Na10-G10 CT PET 52 10 106–137 0.66 0.71 0.11
Na12-E05 CA VIC 52 12 132–153 0.74 0.81 0.09
Ra1-H08 AGG/CGG NED 52 10 177–204 0.60 0.67 0.04
Ra2-E11 CT FAM 58 13 159–193 0.61 0.77 0.13
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Results
No linkage disequilibrium was found between any of
the 11 loci across all sites, and our final data set con-
tained less than 4% missing data. All 11 loci were
highly polymorphic, revealing a total of 119 alleles
with an average of 10.8 alleles per locus (Table 2).
All three sites were characterised by high levels of
genetic diversity (Table 1). The mean number of alleles
and genetic diversity HE per plot varied little between
sites. The FIS values showed significant but low levels
of inbreeding at the site level.
The Bayesian cluster analysis showed no spatial
partitioning of genetic variation within or between
sites. As expected for K = 1 as the true K, alpha plots
remained unstable across all values of K, and the clus-
ter membership for different individuals were equally
admixed (Pritchard et al., 2000). Evanno’s method
cannot calculate a DK value for K = 1, as DK is a mea-
sure of the rate of change. We therefore examined
plots of the log posterior probability of the data [lnP
(D)] for each K. LnP(D) was maximised for K = 1 as
expected when there is no detectable structure. The
AMOVA confirmed that the majority of genetic variation
(98%) was distributed within sites (Fst = 0.023;
P < 0.0001).
The pattern of spatial genetic structure was assessed
for each site separately. In none of the three sites was
a significant relationship found between kinship and
geographical distance when assuming either a linear or
logarithm relationship (bd and bLd values in Table 1;
Fig. 2) indicating no isolation-by-distance. Similarly,
when controlling for road by including a subset of
individuals collected along the same road and basing
geographical distances separating pairs of individuals
on the actual distance separating individuals along the
road, geographical distance and kinship were also not
correlated. In fact, we detected no significant reduction
in kinship (Fig. 3). In summary, when using either
Euclidian or road distances, no isolation-by-distance
pattern was found at each of the sites, notwithstanding
these being separated by up to 200 km.
Discussion
This study addresses an important question about
weed colonisation pathways using the fine-scale spatial
genetic structure of R. raphanistrum. Knowledge about
colonisation routes and modes of dispersal are of criti-
cal importance in weed management, containment and
eradication. High levels of genetic diversity character-
ised all three studied sites in the CFR; the results agree
well with similar studies conducted for R. raphanistrum
in South Africa (Barnaud et al. 2013), elsewhere in its
invasive range (Kercher & Conner, 1996; Ridley et al.,
2008; Sahli et al., 2008), as well as for other invasive
species. High genetic diversity is a common feature in
successful invasive species (Bossdorf et al., 2005; Wil-
son et al., 2009), often associated with multiple intro-
duction events (Lavergne & Molofsky, 2007). Because
R. raphanistrum is often repeatedly introduced due to
shipment of contaminated grain seeds (Kercher &
Conner, 1996), the high genetic diversity that we
observed suggests that this species may have been
repeatedly introduced to South Africa. A particularly
remarkable finding was the lack of genetic structure
between different sites, which highlights the importance
of understanding the mechanisms of spread.
The central question of our study was to assess the
role of road verges as corridors for R. raphanistrum
invasion in South Africa, specifically the CFR. Because
R. raphanistrum is self-incompatible, it relies on insect
pollination to reproduce (Warwick & Francis, 2005).
Pollen dispersal is limited to a few hundred metres































Fig. 2 Spatial autocorrelation analyses as measured by the mean
multilocus kinship coefficient (F) plotted against geographical dis-
tance (m) for each site across landscape: Citrusdal (A), Napier
(B) and Somerset West (C). Upper and lower 95% confidence
limits are indicated by the dotted lines.
© 2013 European Weed Research Society 53, 362–369
366 A Barnaud et al.
(Albrecht et al., 2009; but see Ellstrand et al., 1989),
with seed dispersal likely to be even more restricted.
Indeed, R. raphanistrum seeds are naturally dispersed
to a distance rarely exceeding 4.5 m when pods dehisce
(Cousens et al., 2008). Furthermore, R. raphanistrum
individuals tend to occur in patches or clumps across
the landscape. As a result, the density of individuals is
dependent on the scale. For example, the population
density observed at the landscape scale is invariably
low, although population density may be high at small
spatial scales. This type of distribution favours gene
flow within patches.
In this context, the corridor function of road verges
posits that corridors facilitate the dispersal of propa-
gules by directing dispersal along roads rather than
randomly across the landscape (Levin et al., 2003;
Rahlao et al., 2010). Such a directional dispersal kernel
would result in a pattern of isolation-by-distance along
roads. However, we found no correlation between
genetic distance and spatial distance along road net-
works. A possible explanation for a lack of spatial
genetic structure is a recent introduction of a species
with insufficient time for spatial genetic patterns to
form (see e.g. Hardy & Vekemans, 1999). Unfortu-
nately, little is known about the introduction of
R. raphanistrum into South Africa or the CFR, with
no published records existing to our knowledge.
Thunberg (1807), in his list of cultivated and weedy
imported plant species, includes both Raphanus sativa
and Brassica napus. It is possible that R. raphanistrum
may have been introduced as seed pollution with one
of these two Brassicaceae species. The oldest herbar-
ium record that we could find for R. raphanistrum in
the CFR dates to 1897 (Bolus Herbarium, University
of Cape Town), and we may therefore assume that
R. raphanistrum has been present in the CFR at least
since 1897 and perhaps even since the early 1800s.
A more probable explanation to account for the lack
of spatial genetic structure in R. raphanistrum is that
long-distance dispersal is more common than local dif-
fusive spread, or that it is common enough to negate
the effects of local diffusive spread. As such, it is not
the corridor function of roads verges that is responsi-
ble for the genetic structure observed in R. raphani-
strum. However, roads and road networks are still an
important consideration in the management of
R. raphanistrum.
Maintenance of road verges, notably the removal of
native species and concomitant soil disturbance, creates
an open niche and often facilitates the establishment of
weedy species (see e.g. Dong et al., 2008). The agricul-
tural weed R. raphanistrum already occurs throughout
the CFR (McGeoch et al., 2009) and produces large
numbers of seeds (Reeves et al., 1981). These seeds can
easily be dispersed along roads by the transportation
of fodder or attached to vehicles, while road-side main-
tenance allows the local establishment and persistence
of the species (Kalwij et al., 2008). Because R. raphani-
strum seeds are hard to separate from harvested cere-
als, dispersal via contaminated agricultural produce is
therefore a likely means of spread.
Agricultural weeds such as R. raphanistrum impose
a major economic burden that is likely to increase over
time. Significant amounts of revenue are spent on weed
control globally (Pimentel et al., 2000). Another
important consideration is whether plants become
resistant to herbicides and how far this resistance will
spread across the landscape (Aper et al., 2012). In the
context of agricultural weeds like R. raphanistrum,
mutations causing herbicide resistance will likely
spread over long distances through human-mediated
transport, given the pivotal role of long-distance dis-
persal in shaping the population structure in R. raph-
anistrum. Management strategies should therefore be
aware of the strong connectivity amongst geographi-
cally distant populations when attempting to limit the
spread of weedy species such as R. raphanistrum.
Conclusion
We showed how population genetics can assist weed
management and risk assessment by quantifying dis-
persal dynamics across spatial scales. Weed invasion
occurs as a multistage process at different temporal




















Fig. 3 Spatial autocorrelation analyses as measured by the mean
multilocus kinship coefficient (F) plotted against geographical dis-
tance (m) for each site along road: Citrusdal (A), Napier (B).
Upper and lower 95% confidence limits are indicated by the dot-
ted lines.
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and spatial scales implicating multiple mechanisms of
dispersal. To better understand which mechanisms
influence the invasion process of a species at different
spatial and temporal scale, dispersal rates should be
determined at multiple spatial scales ranging between
only a few metres up to several kilometres and even to
the landscape scale.
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